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PREFACE

This report was prepared by Beech Aircraft Corporation, Boulder Division,
Boulder, Colorade, under Contract NAS9-12105, Hydrogen Thermal Test
Article (HTTA), from the Manned Spacecraft Center, Houston, Texas.

The tasks which were accomplished during the analytic study portion of
this program are: (1) selection of thermally optimized insulation
systems for a double-walled liquid hydrogen storage vessel both for

the requirements of the Space Shuttle Orbital Maneuvering System (7-
day mission) and of an extended mission (180-days); and (2) development
of an analytic technique to be used for predicting performance charac-
teristics of the insulation configuration selected for fabrication.

The installed insulation system will be selected on the basis of 180~
day mission requirements, The approaches used in performing this study
and the recommended insulation systems for the two missions are described
in this report. Thermal performance estimates for the recommended con-

figurations are presented.

iv
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NOMENCLATURE

Area (ftz)

Specific heat (Btu/lb-°R)

Enthalpy (Btu/1b)

Thermal conductivity (Btu/ftahr—oR)

Conductance (Btu/°R), @ = K/AT

Conduction length (ft)

Boiloff rate (1lb/hr)

Number of multilayer insﬁlation layers

Number of multilayer insulationblayers per inch
Heat flux (Btu/ftz—h;)

Heat transfer rate (Btu/hr)

Temperature (°R)

Effective multilayer blanket emittance, q = a-eeff (TH4- T

Total effective multilayer emittance from outer shell to
pressure vessel :

Surface emittance of aluminized mylar at 540°R
Surface emittance of goldized mylar at 540°R

Surface emittance of silverized mylar at 5400R

Effective multilayer blanket emittance between outer shell
and vapor~cooled shield

4
¢’

Eftective multilayer blanket emittance between vapor~-cooled

- shield and pressure vesse€l
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SYMBOL

8 Heat input required to expel a unit mass of fluid from
the pressure vessel (Btu/1b)

o Stephan-Boltzmann constant, 1.714 x 10_9'(Btu/ft2—hr-oﬁ4)

SUBSCRIPTS

BS - Boiler shield

C Cold boundary

H Hot boundary

L Liquid vented from pressure vessel

oS Outer shell

PV : Pressure vessel }

R Radiation

v Vapor or vapor vented from pressure vessel

VCS Vapor~cooled shield

1. Between outer shell and vapor;cooled shield

2 Between vapor-cooléd shield and pressure vessel

ABBREVIATIONS

DAM Double~aluminized mylar

DSM . Double-silverized mylar

MLI Multilayer insulation

PV ' ' Pressﬁre vessel

vCs Vaﬁor-cooled shield

vi
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1.0 INTRODUCTION

The goals of this study program are: (1) selection of thermally opti-
mized insulation systems for a double-walled hydrogen storage vessel
commensurate with the requirements of the Space Shuttle Orbital Maneuver-
ing System (7-day mission) and of an extended (180-day) mission,

(2) development of an analytic technique to aid in evaluating candidate
insulation systems and to predict performance characteristics for the
selected configurations, and (3) enumeration of areas which merit fur-
ther investigation.

The term "insulation system' as used here includes insulation materials
(e.g., passive radiation barriers and spacers), active insulation com-
ponents (e.g., vapor-cooling system), phase-separating devices (e.g.,
devices such as a retention screen internal to the pressure vessel which
will prevent liquid being vented from the pressure vessel during
constant-pressure, zero-g storage), and structural support.elements
which contribute to the heat leak, '

A thermally optimized system is one which provides storage and delivery
capability with minimum weight penalty, cost and maintenance, and with
maximum reliability, safety, durability, and predictability. All
elements of the insulation system, except phase separating devices,
must be vacuum compatible, Phase separating devices need not be vacuum
compatible because they are contained inside the pressure vessel.

In determining the weight penalty for a given configuration, both the
total fluid boiloff and the insulation system weights must be considered.
For this study, it is assumed that fluid boiloff is vented overboard and
not used for cooling any other equipment. A configuration which is weight
optimized for 7-day constant pressure storage will very llkely not be
weight optimized for 180-day storage.

The program goals were accomplished through the following steps:

(1) definition of thermal performance and operational requirements
for the two missions,

(2) selection of scveral insulation system configurations which
best meet the thermal performance and operation requirements,

(3) definition of design selection criteria to use in selecting
the best-suited insulation materials,

(4) selection of insulation materlals commensurate Wlth these
criterla
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(5) flat plate performance testing of selected multilayer insulation
" materials, .

(6) performanée of thermal analyses required to determine which
configurations provide least weight penalty for each of the
two missions,

7) development of an analytic technique to make accurate thermal
performance predictions for the selected configurations during
all modes of operation,with flat plate multilayer insulation
performance test results and oxygen thermal test article, OTTA
(Reference 1) performance test results used to improve estimates
of multilayer insulation performance for these final performance
predictions, and

~~

S (8) analytic estimates of the effects of storage pressure and ullage
size upon thermal performance characterlstlcs.

This report describes the approaches used to accomplish the individual
tasks listed above, Results of these study tasks, recommended insulation
systems for both the 7-day mission and 180-day mission, and predicted
performance characteristics for the recommended systems are contained

in this report.

Areas which merit additional investigation and analysis are discussed.

2.0 SELECTION OF INSULATION SYSTEM MATERIALS AND CANDIDATE CONFIGURATIONS

2.1 Literature Surveys

Surveys of the literature were performed in three areas as described
in this section.

2,1.1 Multilayer Insulation Studies

Beech's knowledge of multilayer insulation systems is the result of
experience over a period of 10 years in designing and applying such

systems to cryogenic tankage. During this time, Beech has kept abreast
of improvements and new developments in multilayer insulation systems.
which were presented in the literature,

Most current efforts concerning multilayer insulation are directed
toward improving estimates of multilayer insulation performance as

'90-33364
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installed on tankage. Reference 2 reports the most recent and most
applicable study of this type. Four multilayer insulation systems were
investigated in this study:

(1) double-aluminized 1/4-mil mylar with double silk net spacers;

(2) double-goldized 1/4-mil mylar with double silk net spacers;

(3) crinkled, single-aluminized 1/4-mil mylar; and
(4) double-aluminized mylar with tissuglas spacers,

Based on experimental data reported in Reference 2, correlations were
constructed to compute heat flux through these four multilayer insulation
systems. The system with goldized mylar was found to be significantly
superior on a performance-to-weight basis.

The surface reflectance of silverized mylar is approximately 8% lower than
that of goldized mylar throughout the temperature range of interest. It
is consequently assumed that the reported performance correlation for
goldized mylar can also be used for silverized mylar with the application
of an 8% reduction factor,

The only new development in multilayer insulation materials is the con-
tinued improvement of Supertloc as reported in Reference 3. While
Superfloc appears very attractive on a performance-to-weight basis, it
is presently unavailable on a large scale production basis and requires
further development in layup techniques. These conclusions are the
result of recent negotiations between Beech and the .Convair Division -
of General Dynamics, which is one of several companies.developing Super-
floc. '

Relative advantages and disadvantages of various multilayer insulation
materials are discussed in more detail in Section 2.3. '

2.1.2 Shuttle Studies

A review of the Shuttle Orbiter Study reports gives an overall view of
some considerations for the selection of an insulation system for the
HTTA.

The hydrogen tank insulation system baseline configuration was reported
in the shuttle studies, (Reference 4). A flexible purge bag and 50
layers of double-goldized multilayer insulation had been selected.
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However, the recent studies dealing with a cryogenic orbital maneuvering
propulsion system have indicated that purge requirements and weight were
sufficiently higher than previously predicted to warrant consideration
of a dewar-type storage system from a weight optimization standpoint,.

In Reference 4 several thermodynamic venting configurations were con-
sidered wherein the refrigeration available in the vented fluid was
utilized to intercept part of the heat leak to the storage vessel. These
venting configurations consisted of an expansion valve inside the pres-
sure vessel with either a boiler shield external to the pressure vessel
or one of two types of heat exchanger inside the pressure vessel.

Other prime contractors have indicated similar baseline configurations
without specifically identifying the actual insulation components.

2.1.3 Shuttle Cryogenic Supply System Optimization Study
t
The task reports (Reference 5) for the cryogenic optimization. study con-
tain detailed information on several multilayer insulation composites;
however, this information does not provide an insight to the insulation
optimization since the overall system effects are not included,.

From Reference 5 the selected insulation configuration for a cryogenic
orbital manuevering propulsion system hydrogen tank is two inches (approxi-
mately 40 layers) of Superfloc without vapor cooling shields. Although
this is not an optimized insulation system for a single tank situation,
it is a near optimum configuration for the overall system. An insula-
tion optimization analysis with consideration of the overall system is

a multiple parameter problem requiring many assumptions and consideration!
of factors such as requirements for cooling fluid to pumps, transfer
lines, orientation devices, and other storage vessels. Selection of

the hydrogen tank insulation system which is optimized with respect

to overall system requirements is consequently tedious and difficult.
Overall system requirements will not be considered'in'determining the
optimum insulation system for this test article. N

2.2 . Design Criteria

Thermal performance and operational requirements and environmental
conditions determine the optimum insulation system and materials for
a cryogenic storage system. The design criteria which were used to
select the optimum insulation system for the HTTA are listed in the
following two sections for the 7-day and 180-day missions. As
directed by contract change 1S, the 180-day mission has been selected
as the basis for designing the insulation system of the test article.

9033364
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2.2.1 7-Day Mission Design Criteria

Mission: 7-day storage with 30-day flight exposure, 100 missions, short
ground time, :

Fluid: Liquid hydrogen, it is assumed that approximately half the fluid
is used immediately after orbit insertion for initial orbital maneuvers

(see Figure 1).

PV Volume: 800 fts (cylindrical shape).

Storage Pressure: 15 to 50 psia (constant).

LH_ Delivery Rate: 8 ib/sec (2 to 4 psi subcooled).

2

Environment: Zero-g, external temperature of GOOOR.

Loads (Full Tank): 3.3 g vertical, 1.0 g horizontal.

Annular Vacuum: 1 x 1-0-5 torr or less.

2.2.2 180-Day Mission Design Criteria

Mission: 180-day storage, one mission.

Fluid: Liquid hydrogen, maximum fluid retention for 180 days.
. 3

PV Volume: 800 ft (cylindrical shape).

Storage Pressure: 15 to 50 psia (constant).

LHZ Delivery Rate: 8 1lb/sec (2 to 4 psi subcooled).

Environment: Zero-g, external temperature of 540°R.

Loads (Full Tank): 3.3 g vertical, 1.0 g horizontal,

Annular Vacuum: 1 x 10-5 torr or less.

‘2,3 Multilayer Insulation Selection

Because of the relatively large ratio of surface area to stored fluid
weight, over 90% of the heat leak to this tank will be by radiation
when a thermally optimized pressure vessel support system is employed.
' Based on Beech experience and information in the literature, a multi-
layer insulation is much more effective than any other type of insula-
tion on a performance-to-weight basis for protection against radiation.

90-31364
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Other types of insulation have consequently been eliminated from further
consideration in this study.

A comparative evaluation technique (described in Reference 6) was used
to select the multilayer insulation materials which are best suited for
each of the two missions being considered in this study. A brief
explanation of this technique follows. A more comprehensive discussion
is contained in Reference 6,

Based on the design requirements given in Sections 2,2.1 and 2.2,2,
design selection criteria were chosen for the purpose of evaluating
candidate multilayer insulation materials, These criteria represent
the factors which must be considered in selecting the most suitable
insulation materials for spacecraft cryogenic tankage, These design
selection criteria are listed below.

(1) Thermal Performance

(2) Weight _ ,

3 Suscéptibility to all Environments
(4) Reliability

{5) Durability and Useful Life

(6). Required Maintenance

(7) Predictability of Thermal Performance
(8) Required Development

(9) Materials Availability

(10) Cost (installed)
(11) Ground Hold Requirements

These design selection criteria are assigned weighting factors (from

1 to 10) which reflect their relative importance for a given set of
mission and performance requirements. The most important criteria are
given weighting factors of 10. . These weighting factors were qualita-
tively chosen on the basis of Beech experience and information con-
tained in the literature (Reference 6 in particular).

Candidates are evaluated by listing them in order of desirability

(1 for most desirable) for each of the selection criteria., Rankings
are based on knowledge acquired from Beech experience and from the
literature. A total score for each candidate is obtained by summing
the products of weighting factors and rank assigﬁments. The candidate
with lowest total score is judged best.

Many types of multilayer insulation materials are available and capable
of providing adequate thermal protection for this tank. Eight of the

most attractive multilayer insulation systems were chosen and evaluated
by the method described above. Results of this evaluation are shown in
Tables I and II for the 7-day mission and 180-day mission, respectively.

9033344
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TABLE I

MULTILAYER INSULATION EVALUATION MATRIX FOR 7-DAY MISSION

J
=l 2| .8 ¥ 2 | x
52002 |48 < LREE
& e 35 E & 32132
gufige | g° g @ 2% |2
Bl ERB = £ 8
) a a 5 - l2gla E
[o) = = [ A - - 2z Q = m ]
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g [N <~ 8 - n - O n 2z j N <« 8 w
SUSCEPTIBILITY TO
ALL ENVIRONMENTS 10 2 J 3 6 4 6 5 1 7
WEIGHT ’ 10}l 6 4 3 2 8 1.} 5 7
'DURABILITY AND
USEFUL LIFE 8 2 2 6 8 4 5 2 7
‘ ALL CANDIDATES CONSIDERED CAPABLE OF REQUIRED
THERMAL PERFORMANCE 10 PERFORMANCE, WITH NECESSARY NUMBER OF LAYERS
RELIABILITY o ALL CANDIDATES EQUAL
REQUIRED
MATNTENANCE 8 3 3 3 6 3 7 3 8
PREDICTABILITY OF
THERMAL PERFORMANCE 81 4 4 4 4 8 4 4 4
COST - INSTALLED - - 1 8 2 6 3 7 5 4
GROUND HOLD »
REQUIREMENTS 5 ALL CANDIDATES EQUAL
REQUIRED DEVELOPMENT | &8 ALL CANDIDATES DEVELOPED
MATERIALS ' ]I '
AVAILABILITY 8 2.5 6 | 5 2.4 7 8 2.4 2,5
TOTAL 177 230 |244 | 254 | 331 |287 |77 | 332
PLACE 1 1 3 4 5 8 6 2 7
NOTES: 1, Superfloc information is limited for outgassing, avaiiabiiity, and

cost data,

2. Where ratings were equal, average position value was used.
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MULTILAYER INSULATION EVALUATION MATRIX FOR '180-DAY MISSION
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THERMAL PERFORMANCE 1o ALL CANDIDATES CONSIDERED CAPABLE OF REQUIRED
» PERFORMANCE, WITH NECESSARY NUMBER OF LAYERS
DURABILITY AND
USEFUL LIFE 7 ALL CANDIDATES EQUAL
. SRS
REQUIRED
MA INTENANCE 9 3 3 3 6 3 7 3 8
PREDICTABILITY OF :
THERMAL PERFORMANCE 10 5 2.51 2.5 7 8 S 1 5
COST - INSTALLED 6 2 8 2 6 4 7 2 5
GROUND HOLD ‘
REQUIREMENTS ALL CANDIDATES EQUAL
REQUIRED DEVELOPMENT ALL CANDIDATES DEVELOPED
MATERIALS AVAILABILITY 5 3 3 3 3 7 8 3 6
TOTAL 177 | 172 [188 [254 [287 | 327 {167 368
PLACE 3 2 4 5 6 7 1 8
AN veoresmnmennssry
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Multilayer insulation cost and weight ratings were based on the number
of layers which were considered to provide approximately the same amount
of insulation for each candidate. Listed below are some of the factors
which affected the evaluations: ;

@) 0.001-inch Al foil is 5 times heavier and more susceptible to
tearing than 1/4-mil mylar,

(2) Net and foam spacers provide tear strength to the multilayer
insulation. :

(3) Vacuum-deposited coatings are susceptible to degradation due to
abrasion and corrosion. N

(4) Silver coatings are less durable than gold or aluminum coatings.

(5) Silver coatings provide a surface emittance slightly better than
gold and almost twice as good as aluminum.

(6) An installed system of goldized mylar costs approximately 5 times
more than aluminized or silverized mylar, This is based on
estimated costs of materials, fabrication, and installation
for the numbers of layers considered to give the same thermal
performance in each case.

(7) Superfloc is presently unavailable in the required quantity and
requires development in layup techniques.

(8) Polyurethane foam spacing material was rated low in useful life
and maintainability because of possible outgassing and degrada-
tion after prolonged vacuum exposure.

Based on the results shown in Tables I and II1, the following multilayer
insulation materials are recommended:

' 7-Day Mission: Double-aluminized 1/4-mil mylar with double
silk net spacer. :

180-Day Mission: Double-silverized 1/4-mil mylar with double
silk net spacer.

Flat plate insulation testing at Beech/Boulder (see Section 5.0 for
description and results of thkis testing), currently indicates that
double-silk net and single-ni'on net are equally effective spacer
materials at higher temperature levels where radiation is relatively
large and conduction in the w:ltilayer insulation is insignificant.

10
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However, .at lower temperature levels where conduction becomes signi-
ficant, the double-silk net appears to provide superior performance.
Consequently, since nylon net is cheaper than double-silk net, nylon
net could be used above the vapor-cooled shield and double-silk net
used below the vapor-cooled shield in order to reduce cost.

Testing is currently in progress at Beech/Boulder to verify the vacuum
compatibility of both nylon and silk net. Previous experience with
the Beech Insulation Comparator indicates that there is no problem for
either material.

2.4 Support Structures

The insulatioh system contains two types of support strucfures: the
pressure vessel support system and the structural elements required
to support the vapor-cooling system.

A thermally optimized support system provides reliable support with
minimum hindrance to the insulation layup and performance and is vacuum
compatible. Based on these criteria, a tension band pressure vessel
support system using filament-wound glass composite bands is recommended.

Bands consisting of S/HTS glass filament with Resin No. 2, NASA Contract
NAS3-6287, have been used by Beech on previous cryogenic tankage and are
proposed for the HITA. Currently available information indicates that
these bands are vacuum compatible when a vacuum baking process is used
prior to installation. Testing is scheduled at Beech to verify this,

These bands exhibit extremely high ratios of strength-to-weight and
strength~-to-thermal conductivity (design stress = 200,000 psi,

density = 0.075 1b/in3, effective thermal conductivity between 40 and
600°R = 0.17 Btu/ft-hr-°R). Because of the small required cross-.
sectional -areas of these bands, penetration sizes and associated
effects are reduced., The proposed pressure vessel support system con-
sists of 22 bands which are each approximately 2 feet long and 0.12 in2
in cross section

The vapor-cooled shield and boiler shield will be made of thinnest
practical material in order to minimize weight. These shields will be
supported from the pressure vessel with stand-off pins made of low
thermal conductivity material (e.g., nylon) with minimum cross-sec-
tional area design. It is anticipated that approximately fifty,
uniformly distributed supports will be required. '

2.5 Candidate Vent System Configurations

* Four vent configurations were chosen for evaluation in order to

11
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determine which prov{des least weight penalty for each of the two
missions; they are:

1) Vapor-cooled shield only.

_(2) Vapor-cooled shield with complete boiler shield.

(3) Vapor-cooled shield with boiler shield on cylindrical portion
of vessel only. '

4) No vapor cooling ( phase separating device required to prevent
liquid being vented from the pressure vessel during zero-g
operation).

In order to determine the weight penalty for each configuration, the
optimum number of both double-aluminized and double-siliverized mylar
radiation barriers was computed for the two missions. The weight
penalty is taken as the sum of the boiloff weight during the storage
period and the weights of all the elements of the insulation system.

Details concerning the analyses and results of this configuration
trade-off study are given in Sections 3.0 and 4.0.

3.0 ANALYTIC TECHNIQUES

3.1 Description of Computer Capabilities

Most of the HTTA thermal analysis and performance predictions were
performed with the Thermal Analyzer Program (TAP) and Hydrogen
Properties Program (PRHYD) which operate on the Beech IBM 360 Computer.
TAP uses a ''lumped parameter' finite-difference method to -perform
transient and steady-state solutions for a wide variety of thermal
problems involving conduction, radiation, convection, and fluid flow.
Convergence of steady-state solutions is determined by temperature
fluctuations between successive iterations and by an overall energy
balance. PRHYD computes hydrogen thermodynamic properties and
functions needed to compute fluid expulsion rates from the pressure
vessel, and uses a simplified thermal model to compute heat leaks
and determine time histories of fluid storage conditions.

3.2 Thermal Network Models

TAP was used to compute constant-pressure boiloff rates for the three
vapor-cooling configurations which were considered in the configuration

12
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trade-off study. A ;implified thermal network model in which the vapor-
cooled shield and boiler shield were considered to be isothermal was
used for this purpose. '

A more sophisticated model was constructed in order to make performance
predictions for the final HITA insulation configuration. Spot checks
revealed good agreement between the results obtained with the simplified
and more sophisticated models.

In all cases analyzed the thermal conductivities of the pressure vessel
support bands and plumbing and the specific heat of the boiloff vapor

. were considered to be temperature dependent,

Detailed descriptions of these thermal models are contained in the
two following sections:

3.2.1 Thermal Models for Configuration Trade-Off Study

The thermal network models used to compute constant-pressure boiloff
rates for the configuration trade-off study are shown below. The three
vapor-cooling configurations are: (1) vapor-cooled shield only,

(2) vapor-cooled shield with complete boiler shield, and (3) vapor-
cooled shield with boiler shield on cylindrical portion of vessel only.
In the nodal networks below, R = radiation, K1 = conduction through
pressure vessel support bands, K2 ='conduction through fill and vent
lines, and K3 = conduction through the vapor-cooled shield (and boiler
shield) supports to the pressure vessel. Because of the sparsity of
pressure vessel support bands, the vapor-cooled shield and boiler
shield may be supported with nylon struts which are attached to the
pressure vessel.

(1) (2) (3)
OUTER ; P , . .
SHELL ?T\W - \ "&%
R| K1 k|2 R R K|1 4 2

vCs

R K 3
BOILER . r/é:
SHIELD K 1 -
K|2
_ K3
Kl 3 :
PV = . —

13
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The pressure vessel‘éupport bands and the fill and vent tubes are
thermally shorted to the boiler shield or to the vapor-cooled shield

so that during operation with liquid venting, the conduction heat leak
is absorbed before it enters the pressure vessel by the vented liquid.
For configuration (1) the conduction members are shorted at locations
halfway between the outer shell and pressure vessel to the vapor-cooled"
shield. For configurations (2) ‘and (3) the support bands are shorted
to the boiler shield at locations three inches from their attachment

to the pressure vessel. For configurations (2) and (3), the fill and
vent tubes are shorted to the boiler shield at locations 10 inches and
65 inches from their penetration into the pressure vessel, respectively.

The temperature-dependent thermal conductivities which were used for
the stainless steel tubes and the composite glass bands are shown in
Figure 2. Based on these curves, TAP was used to compute effective
thermal conductivities for sections with one end fixed at 40, 540, and
600°R and with the temperature of the other end varying. These effec-
tive thermal conductivities were then used to compute the heat conduc-
tion between the pressufe vessel and the thermal shorts and between
the thermal shorts and the outer shell, Curves of effective thermal
conductivity versus end temperature are shown in Figures 3 and 4 for
stainless steel and composite glass bands, respectively.

Geometric inputs to the thermalmodels are as follows:

‘Plumbing - two stainless steel tubes, 2.5" 0.D. x 0.028" wall x
parea | S .
130" long.

Pressure Vessel Support Bands - filament-wound glass, 0,12 in2 cross-
sectional area (each band), 16 bands -~ 27" long, 6 bands -~ 18.6" long.

Vapor-Cooled Shield Supports - nylon (thermal conductivity = 0,1 Btu/
Tt-hr-oR), 0.05 in2 cross-sectional area (each support), 2.50" long
(vapor-cooled shield and boiler shield are both supported with same
support struts), total of fifty supperts.

Radiation Areas:

Quter shell to vapor-cooled shield: 552 ftz
Vapor-cooled shield to boiler shield: 506 ft2
Vapor-cooled shield to pressure vessel: 502 ft2
Boiler shield to pressure vessel: , 488 ft2

Radiation heat transfer in the thermal network model is computed by
= P o A(TH4 - Tc4). All geometric view factors were considered
to be unlgy for this study.

14
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The relationships between effective emittance and number of multilayer
insulation barriers were obtained from Equations (4.22) and (4.38) of
Reference 2 for this configuration trade-off study (see Section 4.2).
Equation (4.22) is based on test data with double-aluminized mylar and
double-silk net spacer, and Equation (4.38) is based on test data with
double-goldized mylar and double-silk net spacer. It is assumed that
the emittance characteristics of silverized and goldized mylar are
similar enough that Equation (4.38) is applicable for this study (i.e.,
for determining optimum number of multilayer insulation barriers and
associated weight penalties).

Equations (4.22) and (4.38) include conduction terms which become signi-
ficant for layer densities of approximately 30 and 20 layers per inch
for double-aluminized mylar and double-silverized mylar, respectively.
For determining layer densities the boiler shield, vapor-cooled shield,
and outer shell were considered to be 0.5", 2.5", and 6.5" from the
pressure vessel, respectively.

Vapor cooling is accounted for in the thermal models as follows:

Vapor Vented from Pressure Vessel:

Configuration 1 - An amount of heat equal to m (HVCS - HPV) is removed
from the vapor-cooled shield node.

Configurations 2 and 3 - An amount of heat equal to m (HB - H_ ) is
‘removed from the boiler shield node, and an amount equal %o n fﬁvcs -

HBS) is removed from the vapor-cooled shield node.

Liquid Vented from Pressure Vessel:

Configuration 1 - An amount of heat equal to m (HVCS - HPV + Hv) is
removed from the vapor-cooled shield node. ' ’

Configuration 2 - An amount of heat equal to m (H¥ HP + HV) is
removed from the boiler shield node, and an amount equal ¥o n
(HVCS - HBS) is removed from the vapor-cooled shield node.

Configuration 3 - For the conditions analyzed, the boiler shield is

not intercepting enough heat leak to vaporize all the liquid vented

from the pressure vessel, and the boiler shield node will, consequently,

be at liquid temperature. An amount of heat equal to m (HV - H_ + H)
: . - VCS PV v

- QBS is removed from the vapor-cooled shield node.

m is computed as Q_ /@ _ and Q_ /6  for vapor and liquid vented from the

pressure vessel, respectively. For this study thermodynamic properties

were based on a pressure of 17 psia. Figure 5 contains curves of BV
?

18
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-)

L and HV versus preésure for saturated liquid hydrogen.

For configuration 4, boil-off rate was computed by:

4 4
n = A - K T -— ) 4
m [eeff o AT TP\( ) o+ KT Tpv)] /8y

where f;ff was computed with Equations (4.22) and(4.38) of Reference 2,

A = 533 ft% and K is the effective conductance for the plumbing and
pressure vessel support bands combined.

3.2.2 Thermal Model for Final Configuration Performance

Predictions

" A thermal network model which is more sophisticated than those described
in the previous section will be used to predict performance of the chosen
HTTA insulation configuration.” The outer shell and pressure vessel will
still be considered isothermal in this model.

The primary improvement in this model which provides more accurate and
comprehensive results is that the boiler shield and vapor-cooled shield
are each represented with a series of connected nodes. Each of these
nodes represents a section of shield with attached tube and cooling vapor.
Previous analyses and experimentation with the OTTA (Ref. 1) indicate
that as few as 20 nodes provide accurate representation of a vapor-
cooled shield. This is because the shields are for the greater part
nearly isothermal.

Since the vapor-cooled shield and boiler shield are represented with a
series of nodes, conduction elements of the insulation system can now

be represented individually, and the locations of their attachments to
the vapor-cooled shield and boiler shield can be approximately accounted
for.

Fluid thermodynamic properties are considered temperature and pressure
dependent, and all material thermal conductivities are considered tem-
perature dependent.

A thermal network model for TAP utilization for a configuration consisting
of a vapor-cooled shield with'a complete boiler shield and the current
plumbing and préssure vessel support system is shown in Figure 6.

Heat flows included in this model are (1) radiation from the outer

shell to the_ vapor-cooled shields, from the vapor-cooled shield to
_ the boiler shield, and from the boiler shield to the pressure vessel,

20
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‘double-silverized mylar with double silk net. With these two sets of
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(2) conduction through the pressure vessel support system and
plumbing, through the.vapor-cooled shield and boiler shield supports,
through the shorting straps between the plumbing and boiler shield,
and in’the vapor-cooled shield and boiler shield, and (3) absorption
by heat flow. The thermal model will be updated to incorperate
insulation system changes during HTTA design and development,

The multilayer insulation effectiveness is represented in the thermal
model with a total blanket emittance (é'e f) which depends on surface
emittance, number of layers, penetration gaps and edge effects, spacer
performance, compression effects and boundary temperatures. Evaluation
of multilayer insulation performance is the largest source of inaccuracy
in analytic predictions of thermal performance for cryogenic tankage.
Needed values of € are determined from data in.the literature,
from company-funded gxperimental investigations with the Beech Insulation
Comparator, and from estimates of layup degradation based on available
data and Beech experience on Apollo (Reference 7), Lunar Module - LM
(Reference 8), and OTTA (Reference 1) cryogenic tankage,

4.0 RESULTS OF CONFIGURATION TRADE-OFF STUDY

The analysis to determine the optimum placement of the vapor-cooled
shield within the multilayer insulation is contained in the next sec-
tion. The thermal network models shown in Section 3.2.1 were used to

compute heat leaks and boil-off rates for the candidate vapor-cooling
configurations using the determined optimum vapor-cooled shield location.

The results consist of curves of boil-off rate versus total effective

emittance of the multilayer insulation for the four candidate configura-
tions and for both vapor and liquid vented from the pressure vessel,
Curves of total number of multilayer radiation barriers versus total
effective emittance were generated for double-aluminized mylar and

curves, combined insulation system and boil-off weight was determined
as a function of total effective emittance. The minimum weight penalty
and corresponding optimum number of layers of multilayer insulation
were then determined for each configuration from this last set of -
curves. : 4 ‘

4.1 Optimum Vapor-Cooled Shield location

The optimum vapor-cooled shield location will be determined in terms
of the ratio of the effective multilayer blanket emittance between the
vapor-cooled shield and the pressure vessel (€ ) and the effective
blanket emittance between the outer shell and %he vapor-cooled shield -
(61). ‘Only heat transfer by radiation will be considered in this

28
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computation. The energy balance for the vapor-cooled shield is:

Qes ~ Qv = M (hyeg - Hpy) L
wherg
m = QPV/Q_

_QVCS = o & A (Tos4 B Tvcs4) ’
%y = =€ Ay (Tvlcs4 - 'Tpv‘l)’

(HVCS - EPV) = C, (TVCS - TPV) with vapor vented from the

pressufe vessel, and
(HVCS - HPV) = CP (TVCS - TPV) + Hv with liquid vented

from the pressure vessel,

In order to facilitate manipulation of these equations, enthalpy of the

vapor at any temperature, T, is defined as CPT.

Expanding and rearranging Equation (1) yields:

T A (T - T ) e
: S
6/( - 1 0s vC (2)
271 4 4
Ay (yes = Tpy ) (8 + CpTypg Hpy)

where

€ = € -

2/61 2 S/ + AJAD &, ARy
The objective now is to minimize va . Using Equation (2) and
a i T 2 >>T 4 ives:
ssuming T, .o BV gives:
26
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. ' 4 4

B (a, + A) €, l'e (Tos = Tycs ) Lo 4
2 1_9 +Cp ?vcs - Hy, vCs

= o (A1 + Az) € (B/C + D)/2 (3)

4 4
= 0 (Topg = Tyes )

4
= Tyes

Setting the derivative equal to zero in order to find the minimum gives:

Substituting into

B
dQPV B d (E + D) C o or
- - ?
dTVCS dTVCS
1 dB B dC dD .
¢ @, "= ; =0 4
. VCs C dTVCS dTVCS
Where
dB 3
—_— = - 406 T
d?VCS VCs
dC
-~ = C_., and
-dTVCS P
dD 3
aT = 4 Tyes
VCS

Equation (4) and rearranging gi&es:
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5 4

(€8 Ty " - (1.25 - 2 HL /@) Ty.o
[0 a-u,0)] ooy 1,0 = +1'a (5)
PV T Ve P ves T Flos
This equation was solved for T, . with

3.0 Btu/1b-"R,

CP =
o, o
T =
oS 540 R and 600 R,
e = 194.4 Btu/lb-_
| vapor vented from pressure vessel, and
H_ = 120.0 Btu/lb _| |
oy A 0 Btu/1
© = 4.25 Btu/lb ~
L liquid vented from pressure vessel.
HPV = 70.0 Btu/lb -
Values of 6 and are based on a pressure of 17,0 psia. Values of
C. corresponding to the range of T resulting from solutions to

Equation (5) varied from 2.62 to 3. gg Btu/1b- OR. The assumed value of
3.0 Btu/1b-°R is considered adequate for the purpose of this analysis.

Solving Equation (5) for Tvcs and using the results in Equation (2)
gives: :

62/61 = 3.82 - vapor ‘vented from pressure vessel, 600°R
= 2.51 - liquid vented from pressure vessel, 600°R
= 3.87 - vapor vented from pressure vessel, 540°R
= 2,62 - liquid vented from pressure vessel, 540°R

28

ER 15464 —



90:33344

November 19, 1971

Since the location of the vapor-cooled .shield should be optimized for

the worse case mode of operation (liquid vented from the pressure vessel),
a value of /éi = 2.0 was used in the configuration trade-off study.
Because of the Temperature dependence of the multilayer insulation reflec-
tance characteristics, this means that approximately 75% of the insulation
should be placed outside the vapor-cooled shield,

Notice that the optimum vapor-cooled shield location for a configuration
with a boiler shield and a vapor-cooled shield with liquid vented from
the pressure vessel is essentially the same as that for a configuration
with a single vapor-cooled shield with vapor vented from the pressure -
vessel. This implies that a different vapor-cooled shield location
should have been used for each vapor-cooling configuration and for each

venting mode. Boil-off rates were computed for some specific cases for

/6' ranging between 2.0 and 4.0, and the boil-off rates differed by

1éss than 2% over that range. It is consequently believed that the

use of € /€ = 2.0 for all cases did not 1mpa1r the va11d1ty of the
trade-of %udy to any significant extent.

4.2 Performance of Multilayer Insulation

Figure 7 contains curves of totdl blanket effective emittance versus
number of layers for both double-aluminized mylar and double-silverized

" mylar with double silk net spacer. These curves were computed with

Equations (4.22) and (4.38) of Reference 2 for environmental temperatures
of 540°R and 600°R. The values shown in Figure 7 are based on a 4-inch
annulus between the outer shell and vapor-~cooled shield, a 2-inch annulus
between the vapor-cooled shield and pressure vessel, and a vapor-cooled
shield temperature of 200°R. The use of a different vapor~cooled shield
temperature would have little effect on the end results of the computa-

-tion. -Fpr-all cases considered in the configuration trade-off study,

the vapor—cooled sh1e1d temperatures varied approximately between 200°R
and 300%R: - ‘

Equations (4.22) and (4.38) of Reference 2 are:

-12 ,-.3.56 2 2
7. N T - T
(4.22) q = 46 x 10 (N) (H C)_ .
) 2 (N + 1)
-11 4.67 4.67
1.1 x 10 ETRA (T, - Te O
N
29

ER 15464 ————




“"Total Number of Layers

". ER 15464
November 19, 1971

- HTTA

+ Heat Fluxes Computed with Egs. (4,22) and (4.38) of
NASA CR 72605.

* MLI Spacer Material is Double Silk Net

* Annular Space Between Outer Shell and VCS = 4"
* Annular Space Between VCS and PV = 2"

* VCS Temperature = 200°R
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(4.38) q

where

s

é.TRG
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3.27
-11 - 2 2
) 4.37 x 10 @ . S - T .
= 2 (N + 1)
-13 4.51 4.51
6.7 x 10 éTRS (T, 'y )
N €rpg
= 0.035,
= 0.020,
= 0.0215.

Effective blanket emittance is defined as:

€

eff

In order to
(i.e., gaps
right sides
2.0 for the

4
= q/c” (TH - T )

account for multilayer insulation lay-up degradation effects
around penetrations, edge effects, local compression), the
of Equations (4.22) and (4.38) were multiplied by 1.5 and

blankets above and below the vapor-cooled shield, respectively.

The values of these degradation factors are based upon Beech's experience
with previous cryogenic tankage.

The following steps were followed in generating Figure 7:

(1) Curves of effective emittance versus number of barriers were
computed for the blanket above the vapor-cooled shield, for
aluminized and silverized mylar, and for environmental tempera-’
tures of 540°R and 600°R. '

(2) Curves of effective emittance versus number of barriers were
computed for the blanket below the vapor-cooled shield for
aluminized and silverized mylar.

(3) For a given total multilayer insulation emittance the emit-
tances of the blankets above and below the vapor-cooled shield
‘are defined (EZ/E‘l = 2,0), and the number of barriers above
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Configuration v

1, VCS Ouly. .

2. VCS and complete boiler snield. :

3. VCS and boiler shield on cylindrical portion only,
4, No vapor-cooling.

HTTA
* Storage Pressure = 17 psis
* External Témperature = 600°R
1.00 |- Vapor Expulsion ) ' 4
e — — Liquid Expulsion
i
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FIGURE 8

Boiloff Rate vs, MLI Total Emittance for External
Temperature = 600“R (7-day Mission)
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Configuration . :

VCS only.

vecs and complete boiler shield.

VCS and boiler shield on cylimdrical portion only.
No vapor-cooling,

1.
2.

3.

4.

— ey

- ———n - St {5 e+
PP

‘Boiloff Rate'(lb/hr)

R
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HTTA . 4
. 1
*Storage Pressure = 17 psia //
B *External Temperature = 540°R- //

Vaper Expulsiopn

Liquid Expulsion
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0 4 8 12 16
X
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Total

FIGURE 9

Boiloff Rate ¥s. MLI Total Emittance fdr External
Temperature = 540°R (180-Day Mission)
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and below the_vapor-cOOIed shield can be obtained from the curves
described above.

4) Curves of total multilayer insulation emittance versus total
number of radiation barriers can then be generated.

4.3 Configuration Selection for 7-Day and 180-Day Missions
Figures 8 and 9 contain curves of boil-off rates versus total multilayer
insulation blanket emittance which were computed with the thermal network
models described in Section 3.2.1 for the four vapor~cooling configura-
tions listed in Section 2.5, Figures 8 and 9 correspond to environmental
temperatures of 600°R and 540°R, respectively, Boil-off rates for both
vapor and liquid vented from the pressure vessel are shown. -

Shown in Figure 10 are curves of heat flux and total heat leak versus
total multilayer insulation blanket emittance for operation in the vapor
venting mode and for environmental temperatures of 540°R. and BOOOR.

Heat leaks and cofreSponding boil-off rates were computed for the
effective blanket emittance between the vapor-cooled shield and pressure
vessel (or boiler shield) being twice the value between the outer shell
and vapor-cooled shield, as discussed in Section 4.1. The effective
emittance between the vapor-cooled shield and pressure vessel {or boiler
shield) is thus three times the total blanket emiftance, and the value
between the outer shell and vapor-cooled shield is 1.5 times the total
blanket emittance. In cases with a boiler shield, it was assumed that
two radiation barriers were present between the boiler shield and pres-
‘sure vessel, and an effective blanket emittance of 0.01 was used.

Only vapor venting was considered for configuration 4 (no vapor cooling)
because liquid venting would produce prohibitively high boil~off losses.

¥t must conseguently be assumed that a phase separating device is placed

~inside the pressure vessel in order to ensure vapor venting during
zero-g operation. At present, the reliability of devices involving
orifices or J-T valves is considered unacceptable for application to
this tank. A passive retention device (screen) would be a more
probable choice and would weigh between 100 and 200 pounds for a tank
this size according to Reference 9. However, retention devices for
this type of application are still in the development stage and
flight-qualified hardware is not available. Since this tank will be
used only for ground testing and can consequently be operated with

- @either vapor or liquid vented from the pressure vessel, a phase
separating device will not be installed.

34
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Configurations

1. VCS Only.

2. VCS with complete boiler shield.

3. VCS with boiler shield on cylindrical portxon only.
4, No vapor-cooling.

HTTA

——

* §torage Pressure = 17 psia

Figure 10

External Temperature = 600°R

External Temperature = 540°R

”~
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Figures 11, 12, 13, and 14 contain curves of combined boil-off plus
insulation system weight versus total multilayer insulation emittance
for 7-day storage with liquid venting, 7-day storage with vapor venting,
180-day storage with liquid venting, and 180-day storage with vapor
venting, respectively. Weights which were used to construct these curves
are: :

(1) Vapor-cooled shield (0.008 inch thick) - 65 pounds.

(2) Boiler shield (0.008 inch thick) - 62 pounds,

(3) Cylindrical boiler shield - 37 pounds.

(4) Retention screen - 100 pounds.

(5) Multilayer insulation (1/4-mil mylér with either double silk net
or single nylon net) - 2,3 1lb/layer.

The number of multilayer insulation layers needed to produce the
required blanket emittances were taken from Figure 7.

As mentibned in Section 2.3, single nylon net and double silk net

“appear to perform equally well as multilayer insulation spacer materials

at higher temperature levels. The weights of the two can also be con-
sidered equal. Since two layers of silk cost a little over twice as
much as one layer of nylon, it would be economically advantageous to
consider a hybrid multilayer insulation system in which silk is used for
the colder layers and nylon is used for the warmer layers.

During zero-g storage of a two-phase fluid without a phase separating
device, the state of the fluid vented from the pressure vessel could
be anything from pure vapor to pure liquid. Liquid venting is probable
for the 180-day mission since the tank will be over 95 % full during
the entire storage period. For the 7-day mission in which the tank
will be approximately half full during the storage period (Figure 1),
the fluid vented from the pressure vessel will probably be some com-
bination of liquid and vapor. For purposes of selecting the minimum
weight configurations, it is assumed that either a retention screen
phase separator is employed or else liquid is vented from the pressure
vessel. : :

The recommended insulation configurations based on the weight trade-

off study with constant pressure operation and on the multilayer insula-
tion selection discussed in Section 2.3 are:
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Configuration

1. VCS only. )

2. VCS and complete boiler shield.

P 3. VCS and boiler shield on cylindrical section only.
| 4, No vapor-cooling. :

- ; HTTA
¥ S .
! ; *Storege Period = 7 Days
! E ' *External Tbﬁperature = 600°R
"*Storage Pressure = 17 psia

oL *Liquid Expulsion From PV
. - *Conf. 4 Includes Fluid Conditioner Weight (100 1bs)

s00 L . : ——— Double Aluminized Mylar

— — —— Double Silverized Mylar

" Weight (1b)

40 | 1 | | | Nt !
4 6 8 10 12 14
3
4
Total x 10
FIGURE 11-

Insulation System + Boiloff Weight vs, MLI
‘Total Emittance (7-Days,. Liquid Expulsion)
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Configuration ) . :
1. VCS only.
2. V€S and complete boiler shield,
3. VCS and boiler shield on cylindrical portien only.
4, No vapor-cooling. :

HTTA

ep——r—

oL . Storage Period = 7 Days

E
' * External Temperature = 600°R
*

Storage Pressure = 17 psia
i

*

Vapor Expulsion Fronm PV

#*

Fluid Conditioner Weight Included

. Double Aluminized Mylar
e ——m: = Double Silverized Mylar

e b

Weight (1b)

200 b | | L L 1
I 8 10 12 14 16
: 4
: e’l‘otal x 10
1. :
FIGURE 12 -

Insulation System + Boilotf Weight vs, MLI
. Total Emittance (7-Days, Vapor Expulsion)
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Configuration

1.
2-

VCS only.
VCS and complete boiler shield.

3.  VCS and boiler shield on cylindrical portion only,

HTTA

* Storage Period = 180 Days

. . * External Temperature = 540°R

* Storage Pressure = 17 psia

: . ' * Liquid Expulsion from PV

November 19, 1971

o . Double Aluminized Mylar.
\ - - '
 — —— = —= Double' Silverized Mylar
L ] | 1 L
2 K 4 ] 8 10
: 4
~€Total Ax 10
FIGURE 13 -

Insulation System + Boiloff Weight vs.
MLI Total Emittance (180-Days, Liquid Expulsion)
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V€S only. ' .
VCS and complete beiler shield.

1.
2.

November 19, 1971

3. VCS and boiler shield on cylindrical portion only.

1000

wWeight ‘(1b) =

»

HTTA

‘Storage Period = 180 Days

External Tempersture = 540°R

Storage Pressure = 17 psisa

Vapor Expulsion from PV ' 1

Fluid Conditioner Weight Included ///'
Double Aluminized Mylar ' '

Double. Silverized Mylar //

4 - I 8 10

4
€ rotay ¥ 10

FIGURE 14

Insulation System + Boiloff Weight vs, MLI
Total Emittance (180-Days, Vapor Expulsion)
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(&) 7-Day Mission:
*vapor-cooled shield only,
*no internal phase separator, and

*30 layers of multilayer insulation (aluminized mylar) -
20 layers between the outer shell and vapor-cooled shield
and 8 layers between the vaper-cooled shield and pressure

vessel.

{(2) 180-Day Mission:
*vapér-cooled shield with complete boiler shield,
*no internal phase separator, and

*68 layers multilayer insulation (silverized mylar) --
"46 layers between the outer shell and vapor-cooled
shield, 20 layers between the vapor-cooled shield and
boiler shield, and two layers between the boiler shield
and pressure vessel.

It should be noted that aluminized mylar was chosen over silverized

mylar for the 7-day mission because aluminized mylar is considered more
durable and stable, which is important in consideration of the 7-day
mission requirements. The use of silverized mylar would provide a

weight savings of approximately 25 pounds. Based on Beech's experience
to date with the OTTA (Reference 1), the reflective quality of silverized

_mylar is not degraded when proper storage and handling techniques are
~atilized prior to, during, and after installation. Surface reflectance
,measurements obtained 'by Beech indicate that moderate tarnishing does

not significantly degrade the reflective quallty of silverized mylar.
Aluminized mylar is still the recommended material for the 7-day mission
because of its superior reliability.

5.0 MULTILAYER INSULNTION PERFORMANCE TESTING

|
Since radiation is the dominant mode of heat leak into this vessel, .
accurate predictions of thermal performance depend upon good estimates

of the multilayer insulation performance. These estimates are obtained

from flat plate test data, tank test data, and evaluation of layup

degradation of the installed multilayer insulation.
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For this study, estimates of layup degradation are based upon Beech's
experience on Apollo, LM (Reference 8), and OTTA (Reference 1) cryogeunic
tankage. Experience and test data with OTTA are particularly valuable
because of the similarity between OTTA and recommended HTTA multilayer
insulation fabrication and layup techniques. '

In-house testing is important in evaluating multilayer insulation per-
formance because of (1) inconsistencies in testing and data reduction
techniques which exist in information available in the literature,

- (2) lack of direct multilayer insulation performance comparison tests,

and (3) lack of multilayer insulation performance data for the number
of layers and boundary conditions desired.

5.1 Description of Apparatus

An -apparatus (Beech Insulation Comparator) was designed and built at
Beech-Boulder and has been in use for the past two years for thermal
performance testing of multilayer insulations. As the name implies,
this equipment was designed and is.used primarily for comparing the
thermal performance of -different multilayer insulation materials,

Before using the experimental data as an absolute measurement of

insulation performance, heat losses through support elements and out
the edges of the sample must be evaluated. These edge losses depend
upon the test conditions and upon the sample being tested. The test

- apparatus has been designed to reduce these heat losses to a level

such that- they do not impair the validity of the equipment for com-

. paring different insulation materials. The extent of edge losses

has not been completely evaluated.

Figure 15 contains a description of the Beech Insulation Comparator
and testing techniques. This apparatus has been used to evaluate
the insulation characteristics of three multilayer insulations which
are applicable to this program: (1) double-silverized mylar with
double-silk net, (2) double-aluminized mylar with double-silk net,
and (3) double-aluminized mylar with single-nylon net. Test results
consist of heat fluxes through the multilayer insulation samples.
These are then converted to effective emittances equivalent to those
used in the thermal network models as explained in Section 3.0.

5.2 Results of Insulation Testing

Results of the multilayer insulation testing are shown in Figures 16,
17, and 18. Figure 16 contains results for samples consisting of 15,
25, and 40 layers of double-aluminized mylar with single-nylon net.
Samples were tested with cold boundary temperatures of ~115°F, -226°F,
and -320°F and with hot boundary temperatures ranglng up to 80°F
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-7
Vacuum Chamber - pressure level 1 x 10 torr.

Heat Sink (Cold Plate) - contgolled temperature range: '3200F-
to OF )

C. Insulation Sample - multilayer insulation layup.

D."Heater =Ttﬁfee°concentric heater elements temperature range
S ai250°F. | -

Jarrier - alu@ihized mylar shielding.

Cifpular insulation samples.(C) are installed in exact layup configura-
tion sandwiching thermally isolated heating elements (D). Thermostati-
cally controlled "heat sink’ plates (B) form the outside surface of the
sample test sandwich., Centrally located insulation samples and heating
elements are isolated from perimeter sections to eliminate "edge-effects"
in the controlled sample area. Heating elements, cold plates, and
radiation barriers are instrumented for temperature. Heat element input

is controlled by vernier power supplies and recorded by digital voltmeters.
The complete test bed is surrounded by multilayer radiation barriers and
housed in a high vacuum chamber. '

Figure 15 - Beech Insulation Comparator
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Cold Boundery Temperature =

-115°F — e —— //
- o — et —— ' 7/
15 - 226°P - s
-320°F —_— X// e
e
/////

X+ A - 15 Layers
AV O - 25 Layers

.5 - . N . ¥
~100 -50 0 50 100
Hot Boundary Temperature (°F)

Figure 16 - Effective Blanket Emittance vs, Hot Boundary Temperature

for 15 and 25 Layers of Double-~Aluminized Mylar with
Nylon Net Spacer ’ _
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Cold Boundar; Jemperature = -320°F
15 ‘A 1% Layers A
O 25 Layers ////
<
"©
-t
%
“
b
>
LV
5 L 1 ) \
~100 . Y 100

Hot Boundary Temperature (°F)

Figure 17 - Effective Blanket Emittance vs. .fct Boundary
Temperature for 15 and 25 Layers of Double-
Aluminized Mylar with Dourle Silk Ne. Spacer,
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Figure 17 contains results for samples consisting of 15 and 25 layers
of double-aluminized mylar with double-silk net for a cold boundary
temperature of -320°F. Figure 18 contains results for samples con-
sisting of 15 and 25 layers of double-silverized mylar with double-
silk net for a codd boundary temperature of -320°F.

Examination of Figures 16, 17, and 18 reveals that at the higher hot
boundary temperatures, the effective emittances cbtained increase more
rapidly with increasing hot boundary temperature than should be expected.
The only current explanation for this effect is that lateral conduction
in the insulation samples becomes more noticeable at the higher tempera-
ture levels. When the sample loses heat out around the edges, more power
is required in the heater plate to maintain the hot boundary temperature,
and the effective emittance of the blanket appears to be higher than it
actually is. It is felt that at this time the data obtained at higher
temperatures should be interpreted with care. This problem will be
examined more closely.

6.0 PERFORMANCE OF RECOMMENDED CONFIGURATIONS

6.1 Effect of Storage Pressure

Figure 19 contains curves of boil-off rates versus storage pressure for
the two configurations recommended in Section 4.3 and for both vapor
and liquid vented from the pressure vessel. These curves are based on
constant pressure storage conditions where the liquid is saturated at
the storage pressure.

Notice that the only case for which storage pressure has any signifi-
cant effect upon boil-off rate over the range of pressure considered
is the configuration with a vapor-cooled shield only and with liquid
venting. This suggests that from a boil-off loss standpoint it would
be advantageous to fill the tank with liquid at the highest possible
saturation pressure. However, there is no overall weight advantage
because the liquid density decreases as saturation pressure increases.
The initial fluid mass in the tank consequently decreases as the
saturation pressure of the fill fluid increases. This effect is shown
in Figure 20 which contains curves of fluid mass remaining at the end
of the mission versus storage pressure. Only mass loss due to boiloff
is considered in this figure. ‘

6.2 Pressure Rise without Venting

Optimum operation from the standpoint of minimizing fluid loss consists
of allowing the liquid temperature (and pressure) to rise as long as
the ullage space can accommodate the corresponding liquid expansion.
This logic, of course, ignores the possible increase in pressure

vessel weight caused by the higher operating pressure.
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~ HITA November 19, 1971
1 - External Temperature = 600°R,
30 Layers of DAM, VCS Only

2 - External Temperature = 540 R,
68 Layers of DSM, VCS and
Complete Boiler Shield

Vapor Expulsion

Liquid Expulsion

\

10 20 30 40 50

Storage Pressure (psia)

FIGURE 19 -

Boiloff Rate vs. Storage Pressure for
Weight-Optimized Configurations
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1. 7-day mission, environmental temperature = GOOOR, 30 layers of |
DAM, VCS only. '

2, 180-day mission, environmental temperature = 5409R, 68 layers
of DSM, VCS with complete boiler shield.
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| g :
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‘ ; Pressure Vessel Volume = 800-ft
- . 1. 3400 }-
i D
bl
S -
t =¥
IETUE TN SHUUEI o B
S
et R
=|
: © i 3300 -
:' . =
...A.;..“.__...__..; Wi -4
o . 9
. Dl
R 'g .
RN SUU Y - SURIOR
5‘_,: .
U S 3 e
P -
< _._-‘.. 1“'%]‘32“"
o '
: 8 el oo
I RRE IR
ERUND SRR SO - B3 1
M?H‘ﬁas N
DAE v B
.
3100 -

/

| ’ | L L
10 20 : 30 40 50
_Storage Pressure (psia)

1 3000

Figure 20 - Fluid Weight Remaining at End of Mission vs, Storage
Pressure for Recommended Insulation Systems
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Figure 21 contains curves of pressure versus time for the two recommended
configurations for operation with no venting (i.e., no vapor cooling).

Because of the frequent fluid use associated with the 7-day mission and
the likelihood that the fluid delivered to the pumps must be within a
small range of saturation pressure, it is improbable that the liquid
temperature (and saturation pressure) could be allowed to rise.

It is possible that significant weight savings could be realized by
allowing the stored fluid to absorb some of the heat leak during the
180-day mission. However, this type of operation would require a more
sophisticated and less reliable pressure control system, and the
feasibility of such 2 system requires further investigation,

6.3 Effect of Fluid Quantity

Because of the small heat leak rates involved and the small resistance
to heat flow laterally in the 0.16-inch thick aluminum walls of the
pressure vessel, ullage size will have very little effect upon fluid
boil-off rate. Effect of ullage size is of 1little interest for the
180-day mission since it is assumed that no fluid will be used during
the 180-day storage period, and the ullage will consequently be no
greater than 5%. Since the fluid quantity will be approximately 50%
of a full tank for the 7-day mission, this case will be examined more
closely in the following paragraphs.

Consider first the case where the tank is half full and in a one-g
environment (testing). Assume that all the heat entering the pres-
.sure vessel in the region of the ullage must pass through the pressure
vessel walls and into the liquid in the lower half of the tank. The
heat leak to the pressure vessel during vapor venting operation will
be much higher than during ligquid venting operation and should thus

be considered here in order to be conservative. :

From Figure 11, the optimum total multilayer insulation effective
emittance for aluminized mylar and liquid venting is 0.00075. From
Figure 10, the corresponding total heat leak is 26.7 Btu/hr. Based
on the assumption that one-fourth of this heat leak is conducted
through a ten-foot length of the pressure vessel and into the liquid,
then the temperature difference required from the top to the bottom
of this ten~-foot section is:

. ,26.7 2 2
_ (26.7 . -
G (10)/(60) T (45.5° - 45.347)
= 3.51°R ‘ '
50
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This amount of temperature variation will have no significant effect
upon the heat leak to the pressure vessel, and it can be concluded that
the boil-off rate in a one-g environment is essentially independent of
ullage size.

In a zero-g environment, the vapor will tend to collect around the
walls of the pressure vessel. If anything, the boil-off rate will be
reduced by this condition. A detailed analysis of this effect is
beyond the scope of this study.

6.4 Effect of Stratification

Thermal stratification within the HTTA has been considered in order to
determine its effects upon the thermal performance of the tank. The

mechanisms of thermal stratification are complex, and a rigorous analysis

to evaluate its effects is both tedious and difficult and could not be
performed within the time and economical constraints of this study.
Efforts were consequently directed toward a more qualitative evaluation
of the possible effects upon the HTTA thermal performance during
anticipated modes of operation.

A considerable number of analytical and experimental investigations of
thermal stratification problems have been performed and reported in
the literature. However, the available information generally pertains
to specific tanks and configurations and cannot be readily applied to
a reasonable estimate of the stratification effects within the HITA.

The primary cause of thermal stratification is the lack of sufficient
heat transfer mechanisms (conduction and convection) needed to distri-
bute the incoming heat leak throughout the bulk of the fluid. The
energy passing through the pressure vessel wall creates a warm boundary
layer next to the wall. In a one-g environment the warm fluid in this
boundary layer rises upward and is accumulated in a warm layer at the
upper surface of the stored fluid.

1f the tank was not vented during this process, the pressure rise
measured in the ullage space would initially be greater than a non-
stratified tank because the heat leak is absorbed by only a small
portion of the stored fluid. However, after the warm layer forms on
the liquid surface, the ullage pressure would tend o level off. '

During vented operation where the ullage pressure is maintained at
the saturation pressure of the fluid bulk, the warm fluid which is
formed near the pressure vessel wall will rise to the surface and
be boiled off. Because the heat flux incident upon the HITA pres-
sure vessel will be extremely small, it is expected that-there will
be no noticeable effect of thermal stratification upon the results
of the constant pressure boil-off testing. '
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7.0 CONCLUSIONS AND RECOMMENDATIONS

A parametric study has been performed in_order to determine optimum
thermal protection systems for an 800-ft" subcritical hydrogen storage
vessel for the Space Shuttle Orbital Maneuvering System 7-day mission
and for a 180-day mission. Using the thermal performance and opera-
tional requirements of the two missions, insulation configurations

were selected primarily on the basis of weight and reliabiiity consider-
ations.

For the 7-day mission the recommended system consists of a single vapor-
cooled shield and double-aluminized mylar with double-silk net spacers
in the colder layers and with single~nylon net spacers in the warmer
layers. Based on the initial analyses, approximately 30 layers of
multilayer insulation is weight optimized. Although silverized mylar

is superior to aluminized mylar on a performance-to-weight basis,
aluminized mylar was chosen for this mission because of its greater
resistance to degradation when exposed to adverse conditions such as
air, moisture, and abrasion.

For the 180~day mission the recommended system consists of a vapor-
cooled shield with a complete boiler shield and double-silverized
mylar with double-silk net spacers in the colder layers and with
single-nylon net spacers in the warmer layers. -Approximately 68
layers of multilayer insulation is weight optimized according to
the initial analyses. ‘

Estimated heat leaks and boil-off rates for the recommended insulation
systems at a storage pressure of 17 psia are shown below,

7-Day 180-Day
Mission " Mission
Boil-off Rate (Liquid Venting) - 1lb/hr 0.43 0.041
Boil-off Rate (Vapor Venting) - 1lb/hr 0.20 0.033
% Boiloff per Day (Liquid Venting) 0.293 0.028
% Boiloff per Day (Vapor Venting) 0.136 0.022
Heat Leak (Vapor Venting) - Btu/hr 39.0 6.40
Heat Flux (Vapor Venting) - Btu/ftz—hr 0.078 0.013

A more sophisticated analytic technique than that used in the parametric
study has been developed for predicting thermal performance character-
istics of the installed insulation system. This analysis accounts for
the operation of the insulation system in more detail and will incorpor-
ate more accurate estimates of the multilayer insulation effectiveness
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than was done in the barametric study. Test results with the OTTA
(Reference 1) will be of particular value for evaluating multilayer

. insulation effectiveness in making performance predictions for the

HTTA. Thermal performance predictions for the installed insulation
system will be included in the contract final report.

For storage of liquid hydrogen over extended periods of time, fluid
loss can be reduced by allowing some of the heat leak to be absorbed
in the stored liquid, thus producing a rise in storage pressure,
Further investigations would be required to determine the feasibility
of this type of operation.

A boiler shield is presently more reliable than any other device for
preventing liquid from escaping a cryogenic storage sys tem during
constant-pressure, zero-g storage. -The only other type of device
which presently appears feasible is a retention screen device,
Current development work indicates, however, that this type of device
would weigh as much or more than. a boiler shield, '
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